Respiratory function testing is important for detecting and monitoring illness, however it is difficult for some patients, such as the young and severely ill, to perform conventional tests that require co-operation and/or patient contact.
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INTRODUCTION
Respiratory function testing is a useful method for monitoring the progression of clinical conditions, and is an important marker of serious illness. The utility of applying non-contact breathing measurement technology is well illustrated in the case of infants. Studies have demonstrated that lung function soon after birth is associated with development of asthma later in childhood, (1, 2) . Analysis of respiration in early life can also provide indicators of later lung disease such as chronic obstructive pulmonary disease; although more research is needed to define the nature of the relationships involved. The advantage of the technology presented in this paper is that it could be applied in large, community-based samples to measure aspects of early lung function that might indicate future disease in screening/monitoring programs. In conditions such as cystic fibrosis (CF) lung function is impaired prior to diagnosis, even in early infancy (3) . Thus reduced lung function detected in screening could facilitate the identification of children with CF before the disease presents with symptoms. Also, patients with severe chest wall deformities, such as those associated with scoliosis, usually suffer breathing impairment, where respiratory pattern may change in association with progression of disease; and this can be difficult to detect using simple tests such as counting respiratory rate. Non-contact respiratory measurement can also offer a means of monitoring the effects of corrective orthopaedic surgical interventions (4) . For example, when scoliosis is associated with muscle disease perioperative respiration can be critical, but patients often have difficulty with standard blowing tests. A number of studies have also found that breathing characteristics can provide a means of predicting cardiac problems or requirement for intensive care (5) (6) (7) (8) . These studies have found respiratory rates to be more reliable indicators of serious clinical events than other measurements such as blood pressure or pulse (6) ; it has been reported that alterations in respiratory rate can be used to identify patients at high risk with a specificity of 95% (8) . However, while there is increasing evidence that lung development during early life is important for respiratory health through the life-course, some patients, particularly the very young, are not able to perform the existing tests. Current procedures are conducted by "contact" test methods, many of which become impossible to use with young children or patients who are either too young or too ill to cooperate. There are no tests available that require the patient to do no more than simply sit without a face mask, special chest bands/markers or a mouthpiece and undergo continuous capture of the whole respiratory system function. Consequently it is not currently possible to detect minute falls in ventilation due to progressive respiratory or cardiac or neurological disease. Therefore, for significant patient numbers across all ages, no appropriate assessment tool exists, even though continuous monitoring could provide early warning of disease, that repeating conventional tests does not offer (and that simple tests such as respiratory rate might miss). This deficiency highlights the urgent need for research into clinical monitoring and diagnosis for enabling respiratory function testing in both specialist centres and primary care. To illustrate the limitations of current technologies employed clinically, a brief review is given here of existing techniques for respiratory function testing.
Methods for monitoring respiratory function can be classified into two types: contact and noncontact. In the former case sensors are placed in contact with the patient's body in order to detect parameters that can be used to measure breathing. These parameters include: airflow, total thoracic/abdominal movement, CO 2 and SpO 2 based methods, acoustics and ECG derived respiration. There is not enough space here to describe the research that has been undertaken on all of these techniques. However, it is worth noting that they all suffer from the disadvantage of requiring some form of sensor to be applied to the patient. This can cause discomfort, may mean they are not suitable for use during sleep, can lead to errors due to distress caused by the contact device and may of themselves affect the parameters of interest. For example, measuring flow by a pneumotachograph at the mouth and/or nose requires contact with the patient's face, which may alter the breathing pattern e.g. by the re-breathing of exhaled air (known as dead-space).
Also, in some cases such as young children or the critically ill, patient cooperation often cannot be attained so that it is not possible to employ contact methods. However, a number of contact methods are commonly employed and are therefore worth mentioning in more detail; specifically spirometry, inductive plethysmography and airflow based methods. A spirometer is a device for measuring the volume of air inspired and expired by the lungs. It detects the flow rate of gases by measuring pressure differences across a fine mesh; and then flow is integrated to produce a pot of volume against time. Incentive spirometry can be used in children as young as 3 years, but this leaves a significant gap in measures during the most rapid phase of postnatal lung development. Spirometers are usually designed to measure lung capacity rather than to monitor normal tidal breathing; and commonly employ the simple method of total integrated air volume.
For this work a spirometer was calibrated using the continuum of airflows exhibited in tidal breathing, thereby providing precision ground-truth data. Inductive plethysmography (IP) employs a number of insulated coils of wire that are sewn into bands and then positioned around the chest and abdomen. The electrical induction of the coils is monitored and used to measure the change in cross-sectional area of the rib cage where the bands are located. This sensing technique is commonly employed and has been found to produce breathing measurements that correlate well with lung volume measurements determined by pressure variations in a control volume (9) .
Disadvantages of the technique include the fact that it requires patient contact (so may not be suitable for use during sleep) and potential technological limitations such as electrical interference with other equipment (9) . Also because inductance varies with length (circumference) and babies have compliant chest walls (change shape readily depending on position), movement from one position to another can invalidate the calibration. Finally, the very limited spatial resolution of IP limits its utility as a diagnostic tool, since the ability to measure movement and breathing at locations between the bands may assist with clinical assessments. For example, high-spatial resolution measurement of respiratory muscle dysfunction could be useful since it has been found that this condition often goes undetected until it becomes more severe (10) . Airflow methods make use of the difference in, for example, the temperature of exhaled and inhaled air; where these differences can be used to infer respiratory rate. These types of systems therefore require a sensor to be attached to the airways, such as a thermistor to measure the temperature of the inhaled and exhaled air. Disadvantages include the obtrusive nature of the sensor and accuracy limitations, such as the calibration issues associated with the non-linear signal from the thermistor. Another more accurate approach is to employ a nasal pressure transducer, however the transducer can be uncomfortable and can itself affect breathing. For very young children, or patients with significant respiratory compromise or fatigue related disorders (e.g. muscular dystrophies) use of such transducers or effort dependent procedures requiring coordination and cooperation can be challenging if not impossible, preventing accurate monitoring of the disease process. Therefore existing contact sensor systems often rely on methodologies prone to significant error (11) and/or limited resolution.
Non-contact methods for respiratory monitoring include the following: optical (including thermal imaging and laser displacement measurement) sensors, CT scanning, and radar and thermal sensor systems. Again, it is not possible to enter here into a detailed review of all the non-contact techniques reported in the literature. Instead selected previous work will be mentioned to illustrate the type of research being undertaken and its relevance to the authors' work. One of the most commonly researched non-contact methods is that of optical breathing monitoring, where the patient is illuminated by one or more light sources (often employing structured light such as stripes) and the resulting images of the patient are captured using a camera. If images are captured continuously then changes in the illumination pattern can be used to calculate body shape changes and hence breathing volumes. Early research employing triangulation of light stripes indicated that good accuracy could be obtained (12) , but at the time the technique was not developed into systems that could be used on the ward, presumably due to the expense and performance limitations associated with the imaging and computing technology available.
Today, high-resolution digital cameras and high-performance computing hardware are both relatively low cost, so that optical systems for real-time breathing monitoring are becoming a viable commercial possibility. Systems that are available on the market tend to employ triangulation, either through use of reflective markers that are placed at selected positions on the body (13), or by projecting a pattern of coloured light onto the chest and abdomen (14) .
Although these systems claim good accuracy, both are associated with disadvantages, which are principally related to the degree of structuring of the environment that is required. In the case of the marker system, since the markers need to come into contact with the patient it is not strictly a non-contact approach. Also, the markers can be complicated and tedious to place and errors in placement as small as 1mm can result in the marker not being recognized by the device (13) .
There are also practical issues associated with the marker system: the purchase and set-up costs are high, the subject needs to stand within the machine which is restrictive, and they need to be bare-chested for marker placement and data acquisition -some subjects may be uncomfortable with this and same-sex technicians may be required, thereby further increasing costs. The patterned light system suffers from a similar disadvantage in that the patient needs to be in a specified position -for example, in a chair with the pattern projection equipment mounted in front of them. Since the method employs a data projector for producing the patterns of light there is also the need for the patient to be located at a set distance from the projector for the pattern to be in focus; and there is a danger of the pattern going out of focus towards the side of the trunk where the skin is further from the projector than on, say, the front of the trunk. A further limitation is that the system employs visible light; and this in combination with the positional constraints involved would be expected to make the system unsuitable for employment with sleeping patients. This is quite important, since detection of sleeping related disorders, such as Obstructive Sleep Apnoea, could be an important and valuable potential application of any noncontact breathing measurement system. Other reported research on non-contact breathing measurement has involved use of laser Doppler vibrometry (15) , laser displacement techniques (9) and thermal imaging where the temperature of the skin is used as a measure of breathing (16) .
These three approaches all suffer from the limitation of not offering high spatial resolution; i.e. not being able to measure the body shape changes simultaneously at various points, as is useful for diagnostic purposes. Therefore there is currently no non-invasive (or obtrusive/constraining/disruptive) highly accurate system requiring minimal cooperation to monitor or assess respiratory function applicable to all ages; thereby impeding studies of directly comparable (as opposed to directly related) data from childhood to adulthood (3, 17) .
MATERIALS AND METHODS
The NORM prototype system was developed in the UWE Machine Vision Laboratory, to demonstrate the use of machine vision technology for non-invasive and non-restrictive monitoring of patients' breathing. Extensive system development was required in areas that included mechanics, software, electronics, physiology, optics, imaging, pneumatics and ergonomics. The first NORM proof of principle prototype is shown in Figure 1 , where the various system components are visible, including the patient support that allows him or her to recline comfortably. Patients with breathing difficulties can breathe more easily by sitting more upright, with gravity assisting the diaphragm. The framework allows flexible positioning of lighting and cameras. A mannequin was employed for system development, and then replaced with adult volunteers for capturing breathing data. NORM employs a conventional PC with a high capacity hard drive (1TB) that facilitates the storage of over 12 hours of continuously acquired high resolution images, enabling the monitoring of breathing conditions for sleeping patients. These images were demonstrated to capture time-stamped images for over 10 minutes without dropping a frame, and with a <2µs timing precision. Lighting and image capture are synchronised by the NORM system control and interface electronics. The spirometer (pneumotachometry equipment), visible near the top of Figure 1 , was calibrated for tidal breathing by employing an accompanying pneumatic rig prior to the capture of spirometric data. This provided ground truth breathing data with which to compare the NORM optical data, for benchmarking NORM.
In addition to providing overall breathing volume measurement, the NORM system provides high spatial resolution for localised diagnoses of lung conditions, while using an affordable digital camera. Good quality image capture was achieved by employing an area scan monochrome industrial GigE camera, which provided a resolution of 1.4 million pixels at 75 frames per second, and a dynamic range extending into the infrared. This latter characteristic was particularly important in the NORM application, since long-wavelength light is employed for illumination of the patients. Illuminating the patient using wavelengths beyond the visible spectrum facilitates system operation in the dark, which is critical for use of the system for sleep studies. Also, employing invisible wavelengths means that the system will not disturb the patient and other surrounding persons. This is beneficial since the vision technique employed involves flashing light sources which would cause disturbance if visible, or might be inadvisable for use with epilepsy sufferers. Therefore an illumination of wavelength 850nm was employed. Figure 2 shows the spectral response of the camera employed, and although at longer wavelengths it drops considerably from its peak at 650nm, it can be seen that even at the relatively long wavelength of 850nm the sensitivity is reasonable at around 7 μJ/cm 2 . It was also necessary to employ a lens optimised for transmission at the wavelength used, therefore a compact high resolution lens was employed (Schneider C-mount Cinegon), which is designed for use in the range 400 -1000nm. The light sources themselves comprised modern high luminosity light emitting diodes (OSRAM SFH 4730), which feature the high output optical power of 3
watts, a black frame to minimise scattered light and an absence of optical focusing resulting in a relatively uniform and wide illumination characteristic. The emission spectrum of these diodes is shown in Figure 3 . Employing a wavelength longer than that of visible light provides the additional benefit of enabling optical filtering to minimise interference from ambient mains powered fluorescent lighting. In determining the preferred optical filter characteristics, it is necessary to ensure good transmission at the LED peak wavelength while minimising transmission at other wavelengths.
This results in the signal to noise ratio being maintained/enhanced, so that camera integration times do not need to be increased to an extent that would impact the image acquisition rate, which is crucial for maximising the temporal resolution of the system. Coloured-glass infrared filters were employed since they are cost-effective and insensitive to the angle of incidence. The infra-red filter Schneider SKR FIL 093 was used, which has a transmission profile as shown in It can be seen that at the wavelength of the LEDs, 850nm, the transmission of the filter is relatively high. It was found that the filter decreases the signal to 63%, while the noise component comprising wavelengths shorter than 750nm are attenuated by the filter to less than 1% of their original value. Therefore the filtered system will have a signal to noise ratio at least a factor of 60 times better than in the unfiltered case. Clearly therefore, it is worth employing optical filtering in systems of this type.
Using the above components, NORM recovers surface orientation information which is processed to provide a bulk volume measurement of the patient's torso volume over time.
Surface recovery is achieved by using a photometric stereo technique that employs multiple light sources, at known locations, and a single camera.
Photometric 4D Approach for Recovery and Modelling of the Torso
Analysis of the three dimensional topography of the surface of an object can be achieved by illuminating the object from at least three different directions and observing the reflectance at a single viewpoint (18) . Energising a single light source and capturing an image (and repeating this for each light source), enables calculation of the following three unknown variables at pixel / sub-pixel resolution, for each surface element: roll-angle, pitch-angle and albedo. (Albedo is a dimensionless quantity quantifying the reflectance of a material from 0% for a perfect absorber to 100% for a perfect reflector.) This is the technique known as photometric stereo, which can be used to derive the normal (n) at a point on the surface; and since there are three unknowns, images from at least three light sources are required to find the unknown variables. Figure 5 shows the surface normal vector defined in terms of its three direction cosines, within the lighting coordinate frame (X L , Y L , Z L ). Figure 5 . Photometric stereo geometry for determination of the surface normal vector n.
The surface of the object is illuminated by at least three light sources at known locations, each with a directional vector, with the camera above and pointing directly towards the surface.
A matt surface will reflect light approximating to Lambertian reflectance, exhibiting a cosine or scalar product relationship with respect to the light vectors. The magnitude of these three vectors (which form the axes of the lighting coordinate frame) will be determined by the intensity of the three respective illuminates, which should be arranged to be equal. The corresponding pixel intensity within each of the three acquired images, one respectively for each light (X L , Y L , Z L ), will be related to the surface normal vector components at the given location. Hence, the three normal vector components can be calculated from the three respective images. Once the normal vector components are known, the magnitude of the surface normal vector can also be calculated, and will be directly proportional to the albedo of the surface material at the location being considered. Since the intensity will be given by the dot product of the lighting and surface normal vector, the direction cosines of the normal vector can be expressed as:
Therefore, photometric stereo can provide 3D information on the local gradient of the surface, as well as the 2D local surface albedo at a pixel or by using interpolation a sub-pixel level. Once the gradients of the surface over each pixel area of the object are known, it is possible to reconstruct the surface topography using each surface element and linear algebra. Calibration corrections were incorporated to compensate for the assumption of the light sources being at infinity (this improves the accuracy of the lighting vector, by considering the direction as a function of pixel position) and the dispersion of radially emitted light over distance (inverse-square law). Lastly, variations in lighting intensity were corrected by performing irradiance measurements of each light source using an optical power meter and custom made dark box.
To convert the recovered surfaces into an instantaneous volume measurement, an integration technique is used, which employs the surface elements. Preliminary work has also begun on modelling the vertical cross-section of the torso as vertically stacked ellipses. This enables breathing performance to be evaluated at various localised regions of the torso; thereby potentially providing measurement of Regional Ventilation Inhomogeneity (RVI), in addition to the monitoring of conventional tidal breathing.
RESULTS
The NORM electronics and algorithms control the camera and lighting to microsecond precision.
Auxiliary data such as spirometer data and environmental data can be captured at rates of kilohertz, surpassing the recommended rate of 200Hz for Spirometry acquisition, and enabling detection of fine structure in respiration and lighting harmonics. The data acquisition software enabled easy capture of high resolution image data at a consistent rate of over 50Hz, enabling a dynamic analysis of 3D chest movement at 10Hz (four frames with directional lighting, and a background frame), which is over an order of magnitude faster than the rate of typical tidal breathing (~0.2Hz). The calibration apparatus successfully provided pneumatic flow rates in the range ±3L/s, with a high precision of ±7.5 mL/s. Preliminary results suggested that mains powered fluorescent lighting introduced an optical noise component into the dynamic volumetric data. The fluorescent lighting fundamental was found to be 100.055Hz, with a FWHM of 0.06Hz. This frequency could produce a beating effect with a 50Hz imaging system, with a 36s period. It was however possible to eliminate this lighting interference by employing the optical filters described above.
Comparison of the Optical Volumetric Data to the Pneumatic 'Ground Truth'
Performing an empirical least squares analysis yielded a calibration model with a precision of ±7.5 mL/s across the entire calibration range. To convert the NORM spirometer data back into physical flow rates, an inverse calibration model was required, compensating for systematic errors in the calibration flowmeter to yield high precision. These data successfully yielded an optical volume signal corresponding with the synchronously recorded pneumatic tidal flow. As expected, the volume signal led the flow signal with a phase difference of 90° (i.e. given a flow rate of dV/dt = cos(ωt), the volume signal will be V = sin(ωt) + v 0 , 90° out of phase). Performing a numerical differentiation and noise filtering, yielded an optical flow signal in phase with the pneumatic flow signal, confirming the detection of tidal breathing.
The equipment shown in Figure 1 successfully captured data at 50fps, enabling 10fps of full 3D data to be recovered. The system was operated with the mannequin replaced by a volunteer patient breathing through a spirometer, while NORM captured vision data from their torso; an example of a captured image is shown in Figure 6 . Using the analysis model described above, the tidal breathing of the patient shown in Figure 6 was analysed. The resulting data are shown in Figure 7 . A clear periodic signal is visible, of a frequency corresponding with that of the benchmark pneumotachograph data. There is also a consistent phase relationship between the two signals; which is as expected, with the pneumatic signal lagging behind the volume signal by 90° (one quarter of a tidal cycle): i.e. the volume measurement peaks and troughs are around the areas of zero flow-rate, as would be expected.
Both data in Figure 7 were recorded synchronously using the NORM system, so no manual time alignment was required or used to combine the two datasets. At seventeen seconds an occlusion is visible, which is believed to be caused by the patient swallowing. There is a corresponding plateau in the optical data with a slight delay as the phase relationship returns to its nominal relative value to the tidal flow rate. The ambient lighting has been eliminated from the measurement by a combination of filtering and occlusion, and also the detected frequency here (T opt ≈ T pnu ≈ 5 s) is well below the known lower limit of ambient interference (T min = 28.9 s); therefore it can be safely concluded that in Figure 7 the tidal breathing signal has been successfully detected.
DISCUSSION
Breathing measurement represents a clinically useful technique for detecting and monitoring many medical conditions. However, many patients are either too young, too ill, or may lack the co-ordination required to perform conventional breathing measurement tests. This leads to delays in diagnoses and/or non-optimal treatments that are undesirable for the patients concerned and also a waste of money. For example it is desirable to be able to measure, rather than judge by symptoms, the extent of a child's response to medication that is intended to relieve wheeze.
Detailed understanding of responses to drugs helps determine appropriate and tailored therapy, Although NORM successfully demonstrated the utility of dynamic photometric stereo in this application, further development work is needed for facilitating a system ready for employment in a clinical environment. Since the completion of NORM this work has continued through research at UWE in collaboration with NHS clinicians. The aim here is to further improve the photometric stereo approach to reduce noise and errors and thereby facilitate a robust system for non-contact pulmonary function testing (19) . The focus of the work has also been extended to address diagnostics and possible appraisal of surgical interventions, with a particular emphasis on scoliosis. This condition, in the more severe forms, is generally associated with impaired pulmonary function, which in turn directly impacts on a patient's quality of life. Neurosurgeons, orthopaedic surgeons and respiratory clinicians have expressed interest in access to a non-contact system that could quickly and easily measure respiratory function before and after corrective spinal surgery. Studies have found that pulmonary function returns to preoperative levels 12-24 months following scoliosis correction, and a small improvement in forced expiratory volume has also been reported (20) . The extent of the recovery also appears dependent upon the type of surgery employed, with endoscopic methods being reported as leading to greater long-term improvement in pulmonary function than open anterior approaches (21) . The ability to detect and quantify these changes has motivated the focus of NORM on scoliosis, along with an appreciation that the technology can also be used to capture the morphology of the back of a patient in real time. This provides an opportunity to directly recover 3D torso features that can be used to measure the Cobb Angle, before and after surgery (22) . This therefore has potential to offer a vision based screening or diagnostic functionality that offers benefits over the conventional approach of employing x-rays. These benefits include avoidance of the use of ionizing radiation, and potential for eliminating the error in measured Cobb Angle that can result from parallax effects when using orthogonal x-rays to image a twisted spine.
Strengths of the NORM approach include its ability to work with unconstrained patients and in darkness. These factors will enable it to be used for sleep analysis and in critical healthcare applications such as monitoring patients in intensive and neonatal care. The technique does have some limitations; these include expected accuracy reductions when the patient is covered with thick bedclothes and possible occlusion or accuracy limits resulting from images and measurements being captured from only one direction. In fact we have found that improved measurement accuracy for breathing volume is obtained when two vision systems are used; one viewing the front and one the back, of a standing patient (19) . We have also begun work on quantification of regional differences in chest wall motion that can be detected using the NORM spatial data.
The ability of NORM to work for patients in bed and its relatively low-cost components that can be engineered into a device discretely mounted on the ceiling above the bed, means that it offers potential to be very widely employed in healthcare, or even potentially in a domestic setting.
This has potential for intensive and neonatal care environments where such mounting is common, the low infection risk important and the patient may be relatively stationary for long periods. However, before this can occur, further development is needed to transform NORM from a technical proof-of-concept device into a robust prototype that has undergone extensive invivo testing, has MHRA approval and is ready for the ward. To summarise, NORM shows promise, but more work is needed to demonstrate that it can robustly and usefully monitor patient breathing in a wide range of real healthcare situations. However, if successful, NORM will offer a completely novel method of measuring volumetric breathing patterns during tidal respiration, in a variety of clinical situations where current methods are inapplicable. 
